Cold-induced expression of the VEGF gene in brown adipose tissue is independent of thermogenic oxygen consumption  by Fredriksson, J. Magnus et al.
FEBS Letters 579 (2005) 5680–5684 FEBS 30037Cold-induced expression of the VEGF gene in brown adipose
tissue is independent of thermogenic oxygen consumption
J. Magnus Fredriksson*, Hideki Nikami1, Jan Nedergaard
The Wenner-Gren Institute, The Arrhenius Laboratories F3, Stockholm University, SE-106 91 Stockholm, Sweden
Received 15 August 2005; revised 14 September 2005; accepted 24 September 2005
Available online 4 October 2005
Edited by Laszlo NagyAbstract To examine whether cold-induced vascular endothe-
lial growth factor (VEGF) gene expression in brown adipose tis-
sue involved generation of hypoxic oxygen levels by thermogenic
processes, we cold-exposed wild-type mice, as well as uncoupling
protein-1 (UCP1)-ablated mice in which no thermogenesis in
brown adipocytes can be induced. Cold exposure stimulated
VEGF expression in both wild-type and UCP1-ablated mice.
Unexpectedly, the eﬀect was 3-fold higher in UCP1-ablated ani-
mals, whereas cultured brown adipocytes from both genotypes
responded identically to norepinephrine stimulation. These re-
sults demonstrate that generation of low oxygen levels does not
contribute to cold-induced VEGF expression in brown adipose
tissue, but the results are consistent with an adrenergic regula-
tion of expression.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Adipose tissues have a capacity to grow throughout life in
response to physiological requirements: white adipose tissue
primarily to store excess energy, and brown adipose tissue pri-
marily to utilize energy for heat production [1,2]. Tissue
growth requires the formation of new vasculature, i.e., angio-
genesis, a process that has attracted much scientiﬁc attention
over the past decade, e.g., the importance of angiogenesis in
tumour growth [3]. Recent reports have demonstrated that
also growth of adipose tissue is angiogenesis-dependent [4–6].
For activation of angiogenesis, it is well recognized that low
levels of oxygen are an important factor, through stimulatory
eﬀects on the expression and secretion of proangiogenic fac-
tors, e.g., vascular endothelial growth factor (VEGF) [7],
which is known to be induced by hypoxia in adipocytes [8,9].
As a VEGF receptor-2 blocking antibody inhibits angiogenesisAbbreviations: UCP1, uncoupling protein-1; VEGF, vascular
endothelial growth factor
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adipose tissue angiogenesis [10]. It is suggested that low oxygen
levels that develop in clusters in the adipose tissue trigger angi-
ogenesis through activation of VEGF expression [2,8,9,11]. In
the present study, we aimed to investigate the signiﬁcance of
generation of low oxygen levels for physiologically induced
VEGF gene expression in brown adipose tissue.
During cold exposure of an animal, sympathetic nerves re-
lease norepinephrine in brown adipose tissue, which induces
thermogenic processes, through activation of the mitochon-
drial uncoupling protein-1 (UCP1) [1], and cold-induced
hyperplasia and hypertrophy [12,13]. This process also
involves endothelial proliferation [14] and a marked increase
in the capacity for blood perfusion [15,16], i.e., angiogenesis,
leading to a tremendously dense vascularization of the tissue
[17].
Cold exposure also results in a transient increase in VEGF
gene expression in brown adipose tissue, induced via norepi-
nephrine release from sympathetic nerves [18]. In cultured
brown adipocytes, both hypoxia-mimicking agents and norepi-
nephrine can stimulate VEGF gene expression [19]. It is not
presently known whether the cold-induced VEGF gene expres-
sion in brown adipose tissue in situ is caused by norepineph-
rine acting via adrenergic signalling pathways directly on the
VEGF gene or indirectly by generation of hypoxic oxygen lev-
els resulting from the cold-induced thermogenic process. To
diﬀerentiate between these possibilities, we attempted to create
a situation where the tissue was physiologically activated, but
where this activation did not result in a markedly increased
oxygen consumption. Therefore, we acclimated mice to ther-
moneutral temperature that leads to a low expression of
UCP1 [20] and thus to a low capacity for oxygen consumption
in the tissue.
However, there is still some UCP1 even in animals accli-
mated to thermoneutrality (about 1% of total mitochondrial
protein) [20], which is apparently suﬃcient to cause a small
but signiﬁcant cold- and norepinephrine-induced brown adi-
pose tissue thermogenesis [15,16], leading to somewhat hyp-
oxic oxygen levels in the tissue [15].
Therefore, we additionally investigated the level of VEGF
gene expression in mice with an ablation of the UCP1 gene.
UCP1-ablated mice have no capacity for cold-induced brown
adipose tissue thermogenesis (and thus oxygen consumption)
[21,22], and brown adipocytes isolated from these mice com-
pletely lack the ability to respond to norepinephrine stimulation
with an increased oxygen consumption [23]. If cold-induced
VEGF gene expression is secondary to hypoxia, no increase in
expression would be expected in these mice.ation of European Biochemical Societies.
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cold exposure increased VEGF gene expression in brown adi-
pose tissue and, surprisingly, the cold-induced eﬀect was even
higher in UCP1-ablated mice. These results indicate that gener-
ation of low oxygen levels has no regulatory function in acute
cold-induced stimulation of VEGF gene expression.2. Materials and methods
2.1. Animals: acclimation to thermoneutrality and cold exposure
Female 7-week old C57Bl/6 mice (B&K UNIVERSAL) and UCP1-
ablated mice [21] were housed for 7 days in plastic cages at 30 C with a
12-h light–dark cycle and given free access to laboratory chow and
water. On the experimental day, animals were placed in single cages
at 4 C for 1–4 h, after which the animals were killed and tissues were
collected and frozen in liquid nitrogen. The experiment was repeated
four times with one animal per time point and genotype.
2.2. Brown adipocyte primary cultures
Brown adipocyte precursors were isolated from the interscapular
brown adipose tissue from mice of the C57Bl/6 strain (B&K UNIVER-
SAL) or from UCP1-ablated mice [21] by the procedure described pre-
viously [19]. Cells were cultured in 6-well plates in 2 ml of Dulbeccos
modiﬁed Eagles medium (Gibco-BRL without L-glutamine type),
4 mM L-glutamine added, supplemented with 10% newborn calf serum
(PAN systemsGMBH), 4 nM insulin (ActrapidHuman, Novo), 10 mM
HEPES (Gibco-BRL) and 50 IU penicillin, 50 lg streptomycin (Gibco-
BRL) and 25 lg sodium ascorbate (Kebo) per ml. The cells were incu-
bated at 37 C in an 8% CO2 atmosphere. The medium was changed
every other day until the experimental day (i.e., day 6) when cells were
treated or not with norepinephrine (()-Arterenol bitartrate; Sigma).
2.3. RNA isolation and Northern blotting
Total RNA was extracted from tissues and from cultured cells using
Ultraspec RNA Isolation System (Biotecx Laboratories Inc., TX,
USA). The precipitate was dissolved in diethyl pyrocarbonate-treated
water followed by ethanol precipitation. After quantiﬁcation by UV
absorbance at 260 nm, 20 lg RNA from tissues and 10 lg RNA from
cultured cells were separated on a 1% agarose/formaldehyde gel and
transferred to a Hybond-N membrane (Amersham Pharmacia Biotech)
by capillary blotting, crosslinked and hybridized overnight with
32P-labeled probes (see Section 2.4) as described by Bronnikov et al.
[24]. The Hybond-N membrane was then washed three times in
0.1 · SSC, 0.2% SDS at 50 C for 20 min. The membrane was sealed
in a plastic envelope and exposed to a PhosphorImager screen for
1 day. The screen was analysed on a Molecular Dynamics Phosphor-
Imager and the overall VEGF mRNA signal was quantiﬁed with the
ImageQuant program. When the same Hybond-N membrane was
analysed for both VEGF and UCP1 mRNA, the previous probe was
removed by placing the membrane in 0.2% SDS solution at 100 C
and allowing this solution to cool down to room temperature. Equal
loading of the gel and the integrity of RNA was routinely veriﬁed by
observing the ethidium bromide stained gel under UV-light.
2.4. cDNA probes
The VEGF cDNA was a gift from Dr. Georg Breier, Max-Planck
Institute, Bad Nauheim, Germany. It contained the 580 bp mouse
VEGF164 cDNA, which encodes the VEGF164 isoform [25]. This
cDNA had been cloned into the EcoRI–BamHI cloning sites of a
pBluescript KS vector. The vector was ampliﬁed by transformation
of a TG-1 Escherichia coli strain and the cDNA was isolated. The
UCP1 cDNA was that earlier used [26]. Each cDNA probe was labeled
with [32P]dCTP (Amersham Pharmacia Biotech) by Ready To Go
DNA Labeling Beads (Amersham Pharmacia Biotech), according to
the manufacturers instructions.
2.5. Statistical analysis
Values for cold-exposed animals were compared to start values for
untreated controls with a paired t-test. For cell culture experiments,
values for norepinephrine-treated cells were compared to untreatedcontrols with a paired t-test. The level of statistical signiﬁcance is indi-
cated with asterisks in the ﬁgures as follows: \\\: P < 0.001; \\:
P < 0.01; \: P < 0.05; (\): P < 0.1. Statistical diﬀerences between geno-
types were analysed in the same way and indicated with hatches.3. Results and discussion
In the present study, the aim was to investigate the signiﬁ-
cance of high oxygen consumption resulting in hypoxic tissue
oxygen levels for physiological induction of VEGF gene
expression in brown adipose tissue. To reduce oxygen con-
sumption capacity, we used mice acclimated to thermoneutral-
ity which were then acutely cold-exposed. In wild-type mice,
cold exposure induced a massive increase in UCP1 gene
expression (Fig. 1A, upper panel, wt lanes), previously ob-
served in numerous reports [1], demonstrating that the cold
exposure was eﬀective in generating a physiological response.
The VEGF mRNA signal in the brown adipose tissue of the
mice (Fig. 1A, wt lanes) was very similar to that observed in
cultured brown adipocytes from NMRI mice [19] and in other
cell types and tissues [18,25]. Several transcripts were detected,
which is explainable by alternative splicing of VEGF mRNA
[27]. When analysed separately, the transcripts varied in paral-
lel and they were therefore analysed together below.
In thermoneutral-acclimated wild-type mice, cold expo-
sure signiﬁcantly increased VEGF gene expression (Fig. 1A
(wt lanes) and B (ﬁlled circles)), principally in agreement with
the cold-inducedVEGFgeneexpressionobserved in roomtemper-
ature-acclimated Wistar rats [18]. Thus, even in thermoneutral-
acclimated wild-type mice, the cold-induced eﬀect on VEGF
gene expression is present, indicating that high rates of oxygen
consumption may not be important for cold-induced VEGF
gene expression.
However, UCP1 is present in warm-acclimated animals [20]
(see also theUCP1mRNAsignal forwt 0 h inFig. 1A), stillmak-
ing the animals able to generate a signiﬁcant cold-induced ther-
mogenic response in brownadipose tissue [16].We therefore also
utilized mice with the UCP1 gene ablated. UCP1-ablated mice
are unable to respond to cold exposure with an increased brown
adipose tissue oxygen consumption [21–23]. The UCP1-ablated
mice showed signals for mRNA from the disrupted UCP1 gene
at sizes diﬀerent from endogenous UCP1 mRNA. Interestingly,
the transcripts from the disrupted UCP1 gene was clearly in-
duced by cold exposure, similarly to the case for the wild-type
transcript (Fig. 1A; upper panel, / lanes).
Surprisingly, in thermoneutral-acclimated UCP1-ablated
mice, cold-induced VEGF gene expression (Fig. 1A,/ lanes,
and B, open circles) was signiﬁcantly higher than that seen in
thermoneutral-acclimated wild-type mice, for all times of cold
exposure, with a very signiﬁcant 2.4-fold increase already after
1 h. The increase caused by cold exposure was 3-fold higher in
UCP1-ablated mice than in wild-type mice. The eﬀects in both
wild-type and in UCP1-ablated mice were strongest at 1 h
cold exposure, starting from identical basal levels, and indu-
ced levels remained elevated over 4 h (Fig. 1B). These results
from UCP1-ablated mice clearly demonstrate that low oxygen
levels arising from thermogenic processes in brown adipose
tissue did not contribute to the cold-induced VEGF gene
expression.
To investigate whether cold exposure and UCP1 gene
ablation induced VEGF gene expression also in other highly
Fig. 1. Cold-induced VEGF gene expression in brown adipose tissue.
C57Bl/6 wild-type mice and UCP1-ablated mice were ﬁrst acclimated
to thermoneutrality and then cold-exposed at 4 C for the times
indicated, after which the animals were killed and interscapular brown
adipose tissue was dissected out. Total RNA was isolated and mRNA
levels were determined by Northern blot analysis, as described in
Section 2. For VEGF mRNA quantiﬁcation, all visible transcripts
were analysed together. (A) Northern blot of RNA from brown
adipose tissue from wild-type mice (wt) and from UCP1-ablated mice
(/) showing signals for UCP1 mRNA (upper panel (wt) and the
UCP1 minigene in the UCP1-ablated mice (/)), VEGF mRNA
(middle panel) and ethidium bromide staining of the gel visualized
under UV-light (lower panel). (B) VEGF mRNA levels in brown
adipose tissue after the indicated times of cold exposure. Filled circles,
wild-type mice (wt); open circles, UCP1-ablated mice (UCP1(/)).
Values are means ± S.E. from four experiments performed as described
in Section 2. The value for UCP1(/) 1 h was set to 100% in each
experimental series. Asterisks indicate the level of statistical diﬀerence
versus the start value (0 h) and hatches indicate the level of statistical
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Fig. 2. Cold exposure does not aﬀect VEGF gene expression in heart
or kidney. Heart and kidney tissues were dissected out from wild-type
and UCP1-ablated mice in two of the experiments used in Fig. 1 and
VEGF mRNA levels were determined as in Fig. 1. The value for heart
UCP1(/) 1 h was set to 100% in each experimental series and the
values are presented as means ± S.E. Filled symbols, wild-type mice
(wt); open symbols, UCP1-ablated mice (UCP1(/)).
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analysed VEGF mRNA levels in heart and kidney from cold-
exposed wild-type and UCP1-ablated mice. Cold exposure had
no acute eﬀect on VEGF gene expression in heart or kidney
either in wild-type or in UCP1-ablated mice (Fig. 2). Thus,cold-induced VEGF gene expression is speciﬁc for brown
adipose tissue in mice, in agreement with data from rats [18].
No eﬀect of UCP1 gene ablation was observed on VEGF gene
expression in these tissues, demonstrating that UCP1 gene
ablation does not lead to a general alteration in inducibility
of the VEGF gene in mouse tissues.
The higher increase in brown adipose tissue VEGF gene
expression in UCP1-ablated mice could be due to an in-
creased responsiveness to norepinephrine in the brown adipo-
cytes of UCP1-ablated mice. To investigate this possibility,
we isolated brown adipocyte precursors from wild-type and
from UCP1-ablated mice, and used these precursors for cell
culture experiments. In cell culture, UCP1-ablated cells grow
and diﬀerentiate equally well as do wild-type cells, and genes
associated with adipocyte diﬀerentiation are unaltered by
UCP1-ablation (our unpublished observations). After addi-
tion of norepinephrine to the cultured wild-type cells, VEGF
gene expression levels increased signiﬁcantly to about 3-fold
over control levels, peaking after 1 h and thereafter decreas-
ing to about 50% of maximally induced levels after 4 h
(Fig. 3), in agreement with data from NMRI mice brown adi-
pocyte cultures [19]. In brown adipocytes from UCP1-ablated
animals, norepinephrine also signiﬁcantly induced VEGF
gene expression (Fig. 3). However, in contrast to the
in vivo data from UCP1-ablated mice (Fig. 1B), brown adi-
pocytes from UCP1-ablated mice demonstrated no enhanced
responsiveness to norepinephrine stimulation, but demon-
strated identical basal and norepinephrine-induced levels
compared to wild-type cells (Fig. 3). Thus, these results dem-
onstrate that UCP1 ablation does not alter the norepineph-
rine responsiveness of VEGF gene expression in brown




























Fig. 3. Norepinephrine-induced VEGF gene expression in cultured
brown adipocytes. Brown adipocytes were isolated from C57Bl/6 wild-
type mice and from UCP1-ablated mice and cultured for six days as
described in Section 2. Cells were then treated with 10 lM norepi-
nephrine (NE) for the indicated times, after which total RNA was
isolated and VEGF mRNA levels were determined by Northern blot
analysis, as described in Section 2. All visible VEGFmRNA transcripts
were quantiﬁed together. Filled circles, cells from wild-type mice (wt);
open circles, cells from UCP1-ablated mice (UCP1(/)). Values are
means ± S.E. from three experiments with duplicate or quadruplicate
wells for each treatment. The value for UCP1(/) 1 h was set to
100% in each experimental series. Asterisks indicate the level of
statistical diﬀerence versus 0 h controls. There were no signiﬁcant
diﬀerences between genotypes.
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wild-type and UCP1-ablated mice were recently analysed in
our laboratory. UCP1-ablated mice had 2.5-fold higher nor-
epinephrine levels, a more than 3-fold higher norepinephrine
turnover rate and thus an estimated 8-fold higher sympathetic
activity in brown adipose tissue compared to wild-type (Golo-
zoubova et al., unpublished results). Apparently, the absence
of a thermogenic response from brown adipose tissue results
in a lack of inhibitory feedback regulation of sympathetic nor-
epinephrine release, and thus leads to hyperactive sympathetic
activity and elevated norepinephrine levels in the tissue. As
wild-type animals demonstrated only about a 50% increase
in VEGF mRNA levels in response to cold exposure
(Fig. 1A and B), norepinephrine levels in the wild-type brown
adipose tissue may not be suﬃciently elevated to induce a max-
imal response. Thus, the markedly higher sympathetic activity
observed in UCP1-ablated mice is likely the explanation for
the 3-fold stronger eﬀect of cold exposure on VEGF gene
expression in these animals (Fig. 1A and B). The maximal nor-
epinephrine eﬀect in cell culture was also about a 3-fold in-
crease in VEGF mRNA [19] (Fig. 3).
Taken together, these results imply that although VEGF
gene expression in brown adipocytes can be increased by hy-
poxia-mimics [19], it is norepinephrine that is the direct medi-
ator of cold-induced VEGF gene expression in brown adipose
tissue via the identiﬁed adrenergic signalling transduction
pathways [19]. Generation of low oxygen levels in the tissue
through thermogenic processes does not contribute to activa-
tion of the VEGF gene in this situation.Acknowledgements: This investigation was supported by grants from
the Swedish Cancer Society and the Swedish Science Research Council.
We thank Barbara Cannon for valuable discussions and Georg Breier
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